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ABSTRACT
Four computer programs for analyzing the inviscid
and boundary layer flow over two dimensional air-
folls are exercised in comparisons against experi-
mental data from two wind tunnel studies. The
solution method of each computer program is
discussed, followed by a description of the airfoil
geometries used in the model comparisons. Measured
. values of pressure distribution, turbulent separa-
tion point, and boundary layer properties are com—
pared against predicted values,

ADMINISTRATIVE INFORMATION
The work presented in this report was conducted with funding from Naval Sea
Systems Command (56xN ) under Task Area S1266001, Program Element 63561N, and
Work Unit 1544-382-75 at the David W, Taylor Naval Ship Research and Development
Center (DINSRDC).

INTRODUCTION
This report compares four computer codes for predicting the flow over two
dimensional airfoils. One of the codes obtains the inviscid flow using panel
methods, and the boundary layer flow using integral methods. It 18 the only
code considered here that includes both inviscid and boundary layer routines.

Another code computec the inviscid flow, also using panel methods, but

does not have a boundary layer routine, The remaining two codes calculate the
vertical variation of flow variables within the boundary layer using finite
differences; the external inviscid flow is not computed, and must be included in
the program input.
. After a brief discussion of the solution method of each computer code,
numerical predictions are compared against experimental data from two wind tun-
nel studles, involving four airfoll geometries, each of which experiences
trailing edge separation., The airfoil shapes are described, and comparisons
made between measured and predicted values of pressure, turbulent separation,

and boundary layer parameters.,
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-3 COMPUTER CODES

19

W

Shi

O The computer codes used in the comparisons are designated as follows:

- (1) Chang potential flow, by M.S. Chang and Y.T. Shen (reference 1); (2) Eppler
t%ﬁ potential and integral code, by R. Eppler and D.M. Somers (reference 2);

\‘.

Cebeci eddy viscosity code, by T. Cebeci (reference 3), and (4) Cebeci k-t code,
> by T. Cebeci (reference 4).
A brief description of each of the codes will be given below; detailed

és explanations may be found in the references cited above. The Chang potential

‘EE flow code divides the foil surtace into panels, each of which is represented .
o by a vortex distribution and two source distributions. The pressures and the

e forces on the foil are then computed from the resulting induced potential fileld
':E: through use of Bernoullis equation. The Eppler potential code calculates the

:;f: potential flow field using a method of vorticity distributed over a foil sur-

55;4 face. The inviscid flow solution then serves as input to an integral method

§:  analysis of the boundary layer. The Cebeci eddy and k-¢ codes embody a finite

;ﬂl difference representation of the boundary layer equations, with turbulence clo-
;ig: sure being achieved through either an eddy viscosity formulation or a two

>:;l equation x-¢ approach, where k¥ is the turbulent kinetic energy, and € the tur-

s bulent dissipation. Unlike the Eppler integral code, the eddy viscosity and x-¢
t:: codes do not calculate the potential flow field around the airfoil, which must

:ﬂ; be supplied as part of the input.

{i; A summary of the solution approach and boundary layer scheme for each of the
]:f' computer codes is given in Table 1. As seen from this table, none of the codes
izf considered here includes an iterative approach tor handling boundary layer

:Bﬁ displacement effects. An iterative approach generally involves a process of:

o (1) calculating the inviscid flow solution around the original airfoil surface,
f;{ (2) calculating the boundary layer solution based on the inviscid solution, (3)
igi recalculating the inviscid flow solution with a modified airfoil shape, obtained .
K&S by adding the boundary layer displacement thickness to the airfoil, and (4)

repeating steps 2 and 3 until convergence criteria are satisified.

14

Various input parameters are required by the computer codes in order to

Ly

R simulate the experimental flow conditions experienced in the wind tunnel stu-
.- dies.

AP

“LANN 5 AN
" ..'.-' AL
SHSYAN RS e




89p0) [TOJATV anog4 Jo uostiedwo) - | HAIEVL

*sToued paaind 4£q
PaxXT3 pojeurxoadde adeys [rO0jaIe 1ea833UT pue
ON Tedtarduy 10 TeaINnjBU SAx 3aA0 £1TOTI30A PIINQTIISIQ Teyiualod 1a1ddz

apod
ON 3= ON ON £3780287A Lpp2 se aueg 3.3 729439

(LL61 “*Te 32 19393))
PoYylap xog
juyod-.om) BUISn PIATOS pue
¢830U913JJTP 9ITUTJ Bulsn
£31TS00STA POXTJ paleurxoadde suofienbs 1ade] £311S00S1A
ON Appe 10 [eanjeu SHX Liepunoq TBRUOTSUDUTP OM] Appe 199q9)

. adeys [T0JaTe 13A0
V/N V/N V/N V/N A31107330a POINQTIISI] 1eT3IU830d Juey)

UOT3IoBIBU] Poua[Nqan] UOTI[SIsSuUBI]L Jeujwe]

PTOSTAUT/PTIOSTA
SOILSTYALIVIVHD ¥dAV1 XdVANNOH HOVOdddvV NOILNTOS JA0D YALNIHOD




TR g W W T ST 2R el Mot Rt~ ial i v AR A ~ L ade v it A s Cathi Y Tt il i i B Sl » * hadi S i ) . L LY ".'E'q

-1
1

" e

LIRS

A zero angle of attack was assumed for use in the Chang and Eppler potential
flow codes. The experimental Cp distribution served as input to the eddy visco-
sity and x-¢ codes, which require specification of the pressure distribution
over the foil surface. The airfoil surfaces were assumed hydraulically smooth.
The natural transition mode was used in the eddy viscosity and Eppler integral
codes to determine the location of transition from laminar to turbulent flow; in
the k—-€ code, which does not compute transition, the calculations were started
at a chord location where the flow was turbulent, as determined from the eddy
viscosity code results. The free stream velocity, Uo, was specified in accor-

dance with that recorded in the wind tunnel studies.

AIRFOIL SECTIONS

Four airfoll geometries are considered in the model comparisons. Three of
the airfoils correspond to geometries analyzed by Blake (1975) in a wind tunnel
study of flow over interchangeable trailing edge sections, which were attached
to a working strut 3 feet in length and 4 feet in span, with a circular leading
edge 2 inches in diameter. The strut and trailing edge designs are shown in
Figure 1, where the designs are denoted as T45, T25S and T25R. The T45 edge is
four inches in length, has a 45° included tip angle, and a circular arc of 5
inch radius joining the tip and middle section. The T25R trailing edge has a
similar design with a 25 degree included tip angle, a 6.25 inch length, and a
10-inch radius circle joining the parallel middle to the tip., The remaining
tip, T25S, is composed of two additional inches of parallel middle body joining
a segment 4.25 inches 1in length with a 25 degree included tip angle. The

equations formulated to define the trailing edge shapes and their domain of defi-
nition are taken from Groves (unpublished, 1983), and given in Table 2. The x
and y coordinates are in the dimensions of inches, with the origin at the mid-
point of the circular leading edge. The discrete set of cordinates, nondimen-
sionalized by the chord length, are given in Tables 3, 4, and 5. In this
reference frame the nose has the ordinates x = o, y = o, and the trailing edge
tip point has the ordinate x = 1., The order in which the offsets are given {is

leading edge, upper surface, lower surface, and leading edge.,
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The fourth airfoil geometry used in the comparisons is a modified NACA
0012, designated as AB5. The trailing edge shape is shown in Figure 2, and the
ordinates are given in Table 6.

Although no attempt has been made here to investigate the sensitivity of
the computational results of the computer codes with respect to airfoil offset
density, it is believed that a sufficient number of points were used to obtain
consistent, reliable results. A greater density of ordinates was placed in
those regions having the greatest airfoil curvature, where the flow quantities

would be expected to change most rapidly.

PRESSURE DISTRIBUTION
The pressure coefficient (Cp) distribution as determined by the Eppler and
Chang potential codes for the four airfoll geometries is shown in Figures 3-6.

Here,

Cp = (P--Po)/.Son2

where P is the local static pressure, Po 1s the ambient pressure, p is the fluid
density, and Uo the free stream reference velocity. The agreement between the
pressure coefficients predicted by the two codes is seen from Figures 3-6 to be
generally quite good. Also shown in Figures 3-5 are the experimental Cp
distributions as determined by Blake (1975) for the upper airfoil surface.

As might be expected, the predicted pressure distributions for the T45,
T25R, and T25S airfoils are fairly similar on the working strut forward of the

trailing edge sections. A sharp static pressure minimum is predicted on the
leading edge circular radius, followed by a steep adverse pressure gradient.
Further downstream, the static pressure gradient varies slightly, becomes somewhat
favorable forward of the trailing edge.

The magnitude of the pressure gradient on the trailing edge sections
depends on edge shape., Figures 7-9 show expanded views of the predicted Cp
distribution on the upper surface of the T45, T25R and T25S trailing sections,
together with the experimental values. The numerical values exhibit a favorable
pressure gradient upstream of the leading edge of the trailing section, followed

by an adverse pressure gradient further downstream. This trend is most noti-

ceable for T25S, where both codes predict a sharp pressure minimum at the
knuckle (X = ,9),.
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ol TABLE 6 - ABS OFFSETS
e . .
A UPPER SURIFACE LOMER SURFACE

X Y ¥ Y

0.0000 o 0 0.5725 =0.0071

0.0074 0 1 . 0.%843 -0.0085

0.02%50 Q 1 v.9812 ~0.00?0

0.0500 0.021% 0.977% -0.0093

0.0730 0 5 Q.9737 ~0.0077 4
0 &
0 Z

J026
0.1000 .00 0.94%6 -0.0079
0.1500 237 C.9e67 ~0.010%8 .

0.&138 0.042¢ 0,943 -0.010%
0.3000 0.0497 0.9600 =0.0113
0.3997 0.0841 N O - T -0.0118
0. 4859 0.0E87 0.9873 -0.0119
0.5799 0.0k 0.%497 ~0.012%
0.677% 0.G510 0.946%9 -0.0125
0.7423 0.0144 Q.42 ~0.0126
Q,79% 0, 0407 Q.P4C6 =0.0120
0.2403 0.C287 C.737% -0.0132
0.373& Q.0302 0,533 -0.0133
0.0280 QL9238 -C.0142
& 0.0242 Q.9250 ~0.0145
=7 0.ezz0 C.RLRT -0.0147
S0 0.0z19 C.9Lzs -0.01E4

wEIE Q. 020 Q.35 ~0.,0175

B cice] 0,021 0.872¢ -0.01%9
¢, 7375 0.CLI5E 0.3408 =Q,0220
07408 Q.CL37 C.T%? ~0.0241
0.74325 Q.08 Q.74 -0.025%
Q. 2489 0,017 Q.67%9 -0.02932
0.7497 0.01:3 QL.E%9y -0.0311
Q.5873 QL0156 ¢, 4993 -0.0319
0.9567 0.014% 0. 299y ~Q.0312
0Q.2400 0.C1e7 0.:2000 -0.0292
0.2633 0.CL2% Q218 ~0.0263

Q.PeET 0.C114 0.1300 ~0.0232
Q. 7676 Q.00 ©.1000 ~Q.0199
0.72727 0.,0027 0.0750 ~0.0172
D.977% 0.0044 0.CEQ0 -«C.0151
Q.7312 QL0 Q.0550 -0,0113
C.oE4E 0.0027 0.00%4 -0.0073
0,995 -0.0011 0.0000 0.00C0 N
1.0000 -0 0065
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oo The measured pressure magnitudes on the three trailing edge sections tend
_*il to be considerably less than the predicted values, except near the trailing
h edge, where the predicted and measured values cross over. This same trend of
lower measured Cp magnitude, relative to the predicted magnitudes, is seen for
the ABS5 foll in Figure 10.

The difference between the experimental and predicted Cp values can be
traced, to a large extent, to the large scale tralling edge separation that .
occurs in each of the four airfoile being considered here (Table 7). Under con-
ditions of strong separation the Kutta condition no longer applies at the
trailing edge, thus violating one of the basic assumptions of the Eppler and
Chang codes.,

Another consequence of the trailing edge separation is that the separation
effectively entails a large displacement thickness, which needs to be taken into
consideration in the external pressure calculations. As discussed earlier,
however, none of the computer codes considered here allows for any viscid-
inviscid interaction.

It should be mentioned that in nonseparating flow conditions the Eppler and
Chang potential flow codes have predicted pressure distributions in good

agreement with experimental data.

SEPARATION

Determination of the presence and location of separation is an important
factor in the design and analysis of airfoils. The eddy viscosity and k-e codes
interpret separation as being the point where the velocities become negative.
Due to the singular nature of the equations (Cebeci et al, 1977) at this point,
the calculations are halted. The Eppler integral code takes turbulent separation to be
the point where the shape factor H,, becomes equal to l.46. Hyy is defined as
63/62, where §4 is the energy thickness, given by

n::- o0
® 83 = [ (1-fu\2)u dy (1) .
;*1 o UoJ Uo
.
and 62 is the momentum thickness,
-]
62 = [ (1-u )u dy (2)
o Uo Uo
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where u(x,y) is the tangential velocity component within the boundary layer.

For later reference, the displacement thickness (61{) is defined as

e

(1 -u_)dy

61 = | Uo

(o}

The experimentally determined Cp distributions for the airfoils were used .
as input in the Cebeci eddy viscosity and Cebeci x-€ boundary layer codes. The
codes did not predict separation for any of the airfoils; this is explained by
noting that the Cebeci codes are based on thin boundary layer theory, and do not
account for the large displacement effect resulting from separation.

Another contributing factor may be errors in the experimental data,
resulting from the likelihood that the experiments are not exactly two
dimensional.

Unlike the Cebeci codes, which require the inviscid pressure distribution
as part of the program input, the Eppler code calculates the inviscid pressure
distribution, and then uses it as input to the integral boundary layer analysis.
Given the differences between the observed and predicted Cp distribution, it is
not considered worthwhile to discuss the Eppler integral boundary tayer results,

as based on the predicted pressure distribution.

BOUNDARY LAYER PROPERTIES

Measured and predicted values of displacement thickness (6,) and momentum
thickness (&,) for T25R are given in Tables 8 and 9. The mixing length and k-¢
codes are seen to give approximately the same estimates for 64 and §,.
Considering that the same pressure distribution was used as input in both of

these programs, this is perhaps not too surprising.

From Tables 8 and 9 it is seen that the values of 6§, and §, are slightly
underpredicted, but correct within a factor of two. As explained earlier, these

differences can likely be attributed to the fact that the Cebeci codes do not

allow for any viscid-inviscid interaction, which will be important for strongly

separated flows, such as those considered here.
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Airfoil Separation point

T45 .956

T25R 947

T25S .902

AB5 .962

TABLE 7 - Measured turbulent separation point
(non dimensionalized by chord length)
for airfoil geometries.
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3
W
A
N3
o “~chord length .
':‘:.: \ 078 085 090 .902
e Experiment .073] .045] .093] .118 :
;:' Cebeci
5 |eddy
ey Y ojviscosity .065] .059| .071} .082
"o o
oy g3icebeci
o 8 |k-e .065| .059| .064| .082
¢ ' TABLE 8 - Measured and predicted values of displacement
X thickness (in.) for T25R.
3
3 —
'::‘.r.’ w
L 4
' .78 | .85 ] .90 ] .92
-1 . Experiment 2059 ,040| .050 ] .068
o Cebeci
2y H eddy
;ﬁ s gviscosity .0491 ,045) ,052 | .059
) §8Cebeci
S .050| .046| .049 | .060
"
£ oA
5
b TABLE 9 - Measured and predicted values of momentum

thickness (in.) for T25R.
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SUMMARY AND CONCLUSIONS

Four computer codes for the analysis of flow over two dimensional airfoils
were exercised in comparisons against experimental data from two wind tunnel
studies, involving four airfoll geometries., The shape of these airfolls (called
T45, T25R, T25S, and AB5) were shown in Figures 1 and 2.

The four computer codes are designed as the Eppler potential/integral code,
the Cebeci eddy viscosity code, the Cebeci k—¢ code, and the Chang potential
code. The Eppler potential code uses vorticity distributed around a curved air-
foil to obtain the inviscid flow; the integral code uses integral methods to
obtain the boundary layer solution. It is the only code considered here which
has both inviscid and boundary layer routines. The eddy viscosity and k-€ codes
solve for the vertical variation of flow quantities within the boundary layer
using finite difference methods. Neither of these codes estimate the external
inviscid flow field, which must be specified in the input. The Chang potential
code uses a distribution of vortices and sources to determine the inviscid flow
solution, and does not include any boundary layer calculationms,

Numerical predictions of the codes were compared against experimental data
from four airfoil geometries for pressure distribution, separation, and boundary
layer properties over the airfoils. The pressure distributions over the air-
foils as predicted by the Eppler and Chang potential codes agree well with each
other, but are generally larger by almost a factor or two than the measured
values, This is likely due to the neglect of viscid-inviscid interaction routi-
nes in the computer programs, and the likelihood that the experiments were not
exactly two dimensional,

The Cebecl mixing length and k-¢ codes, using the experimental pressure
distributions as input, did not predict the occurence of separation. The boun-
dary layer properties for T25R were slightly underpredicted, but correct within
a factor or two.

Perhaps the most important reason behind the differences in observed and
predicted flow parameters is the occurance of relatively large scale separation
i (about 5%) in the airfoils considered here. Under these conditions, an itera-

tive approach should be used which takes into account the effect of fluid visco-
sity on the external pressure field. Again, however, under nonseparating flow
conditions, the programs considered here have been shown to give good agreement

with experimental data in many situations,
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DTNSRDC ISSUES THREE TYPES OF REPORTS

1. DTNSRDC REPORTS, A FORMAL SERIES, CONTAIN INFORMATION OF PERMANENT TECH-
NICAL VALUE. THEY CARRY A CONSECUTIVE NUMERICAL IDENTIFICATION REGARDLESS OF
THEIR CLASSIFICATION OR THE ORIGINATING DEPARTMENT.

2. DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES, CONTAIN INFORMATION OF A PRELIM-
INARY, TEMPORARY, OR PROPRIETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE.
THEY CARRY A DEPARTMENTAL ALPHANUMERICAL IDENTIFICATION.

3. TECHNICAL MEMORANDA, AN INFORMAL SERIES, CONTAIN TECHNICAL DOCUMENTATION
OF LIMITED USE AND INTEREST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN-
TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND THE
NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION OUTSIDE DTNSRDC
MUST BE APPROVED BY THE HEAD OF THE ORIGINATING DEPARTMENT ON A CASE-BY-CASE
BASIS.
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